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ABSTRACT 



Steady state marine diesel engine exhaust emissions are being reviewed by the 
Environmental Protection Agency for possible regulation. In anticipation of future regulation, the 
United States Navy is developing appropriate emissions models for naval vessels. Actual 
emissions data from a U.S. Navy ship is necessary to provide checkpoints for the models. A 
procedure for collecting this data from an U.S. Navy ship with medium speed main propulsion 
diesels is presented. It is based on similar testing conducted by the U.S. Coast Guard for 
measuring patrol boat diesel engine emissions and International Standards Organization 
methodology. The primary challenge of the experiment design was to minimize interference with 
the engineering plant as the assigned ship was concurrently tasked for other operations. Data 
gathered allowed calculation of engine rpm, engine load, exhaust gas flow rate and determination 
of pollutant amounts. The tests were conducted at a series of predetermined speeds to reflect an 
1 1 -Mode duty cycle developed previously for the LSD 41 Class propulsion diesel engines. The 
results add to a growing data base of marine emissions and offer insight into the into the effects of 
secondary control factors such as sea conditions, maneuvering and continued reactions in the 
stack. 

Additional work is included which models an appropriate duty cycle for U.S. Navy high 
speed propulsion diesel engines found on the MCM-1 Class Mine Countermeasure Ship. The 
results indicate that not only are the duty cycles developed fro commercial ship operations 
inadequate for modeling of naval ship operations, but that the naval duty cycles will vary greatly 
by mission. 
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CHAPTER I; INTRODUCTION 



1.1 Purpose 

With the passage of the Clean Air Act as amended in 1 990, regulations regarding 
limits on the amounts of pollutants discharged as a result of chemical processes were no 
longer restricted to stationary sources and motor vehicles. The act required the 
Environmental Protection Agency (EPA) to determine the contributions of off-road 
moving sources and, if these contributions proved to be significant, regulate these sources 
as well. This measure was an attempt to spread the costs of developing and implementing 
"clean" technologies over a larger population of industries. 

Recent legislative activity and research has been directed towards air pollution 
contributions from off-road sources, including marine engines. As a result, regulation of 
construction and farm equipment, snowmobiles, lawn mowers, etc. has been enacted. The 
regulation of the marine industry, including major ships as well as pleasure craft, has 
lagged which can be attributed to the complexities of ship designs and operation 

As interest in the reduction of air pollution from marine exhaust increases, so must 
the level of knowledge. Further effort is needed to determine the factors which 
differentiate marine engine exhaust from that of other exhaust sources. Additionally, the 
unique operation and design of public sector vessels may necessitate testing and control 
philosophies different from commercial ships. 

This study continues work to develop a Naval marine diesel engine exhaust 
emissions model. It consists of two parts: 1) development of a representative duty cycle 
and prediction of annual pollutant levels for a U.S. Navy ship propelled by high speed 
diesel engines, and 2) reduction of measured data from an U.S. Navy vessel with medium 
speed main propulsion diesel engines. The prediction of annual pollutant levels for a 
medium speed diesel plant has been previously completed. 1 The experimental results 
based on pollutant data gathered from a medium speed diesel ship operating at sea is 

1 Markle, Stephen P., Development of Naval Diesel Engine Duty Cycles for Air Exhaust 
Emission Environmental Impact Analysis . Massachussets Institute of Technology, 1994. 
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critically compared to these predictions. 



1.2 Current Regulatory Stance 

The Clean Air Act (as amended 1990), Section 213, requires the EPA to. 

"...Conduct a study of emissions from nonroad engines and nonroad vehicles.. .to 
determine if such emissions cause, or significantly contribute to, air pollution 
which may reasonably be anticipated to endanger public health and welfare. ” 
This study was completed in November of 1991 and led to the regulation of heavy duty 
nonroad diesels in June of 1994. The contribution of marine exhaust to ambient air 
quality was found to be significant, especially the contribution of nitrogen oxides (NOJ. 

The EPA estimates that there are 12 million marine engines in the United States. 2 
This total number includes both spark ignition and diesel engines. Their studies indicate 
that 14% of the total non-road source of nitrogen oxides (NO x ) can be attributed to 
marine diesels. The only greater contributors are land-based diesel engines rated at 
greater than fifty horsepower. 3 While the marine engine contribution may seem 
insignificant in comparison to the land-based emissions, the current legislative atmosphere 
requires aggressive regulation of all noticeable sources. Figure 1 refers. 

Although it was noted in the EPA study that marine engine contributions for NO x 
and particulate matter were significant, these engines were not included in the June 
legislation. The reason for this delay lies partly in recognition by the EPA that existing 
test procedures for heavy duty off-road engines may be inadequate for ships. 4 
Additionally, any regulatory scheme proposed by the EPA must first be reviewed for 



2 United States Environmental Protection Agency, "Air Pollution from Marine Engines to 
be Reduced", Environmental News . 31 October, 1994, p.l. 

3 Environmental Protection Agency Information Sheet, Reducing Pollution from Marine 
Engines: Information on the Marine Engine Rulemaking , released October 31, 1994, p.2. 

4 "Control of Air Pollution; Emissions of Oxides of nitrogen and Smoke From New 
Nonroad Compression-Ignition Engines at or Above 50 Horsepower", Federal Register, Vol.58, 
No. 93, p 28816. 
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conflict with U.S. Coast Guard directives which serve to ensure the safety of ships and 
seaways. 

Some of the unique aspects of a ship’s geometry pose additional difficulties in 
drafting regulations. The stack lengths on ships are typically longer than the exhaust lines 
on similar land based diesel engines. This additional length may allow continued reactions 
in the exhaust gases, possibly leading to the measurement of different pollutant levels at 
the exit of the stack than at the exhaust valve on the engine. The length of the stack on 
any particular ship is usually set by the internal arrangements and any pertinent criteria 
imposed by the ship's mission. This effect may be mitigated by the low residual time the 
exhaust gases need to travel the length of the stack and the isothermal nature of the stack 
system. In his 1994 thesis, Markle proved that for U.S. Navy medium speed diesels, there 
were no significant exhaust gas reactions in the stack. 

Figure 1: Breakdown of Nonroad Sources of NO, 5 



Marina Dtasal Engine 
14% 




Nonroad Eninas 
75% 



The ship's mission is a primary driver in the design of the hull form. The external 
shape of the hull affects the engine through the powering relationship. Hull friction and 
residual resistance counter the thrust created through the ship's propulsion system and 



5 EPA, Reducing Pollution from Marine Engines: Information on the Marine Engine 
Rulemaking , p.3. 
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determine the speed the vessel can attain The same engine installed in two dissimilar hulls 
will be loaded at different engine torques and cylinder pressures in order to drive the two 
ships at the same speed. It is this consideration that is prompting most of the discussion 
within regulatory bodies regarding the best procedure for emissions testing. No consensus 
has been reached. 

Based on the results of the emissions survey, and due to judicial action by the 
Sierra Club 6 , the EPA released a proposed marine engine emission legislation in early 
1995. Under this plan, marine diesel engines under U S. jurisdiction would be regulated 
in one of two manners as determined by the engine maximum power rating. 

Smaller marine diesel engines (less than 50 hP or 37 kW) will be subjected to the 
following limits. NO x (9.2 g/kW-hr), HC (1.3 g/kW-hr), CO (1 1 .4 g/kW-hr) and 
particulate matter (0. 54 g/kW-hr) 7 . These smaller engines will be measured for 
compliance on the test stand and no further measurement will be required once installed 
on the vessel. The testing is to be conducted using ISO 8178, Part 1 procedures and duty 
cycles. The proposed standards are to be phased in during engine model years 1998 
through 2006. 

Engines rated at greater than 50 hP (37 kW) will be incorporated into existing 
regulations on land-based non-road engines of similar power ratings 8 . This ordinance, 
issued on 17 June, 1994, limits NO x to 9.2 g/kW-hr and particulate emissions to 0.54 
g/kW-hr by 1999. Similar to the smaller engines, maximum pollutant limits will be phased 
in by model year. 



6 "Control of Air Pollution: Emissions Standards for New Gasoline Spark-Ignition and 
Diesel Compression-Ignition Marine Engines; Proposed Rules", Federal Register, Volume 59, 
No.216, 40 CFR Parts 89 and 91, November, 1994, p.55932. 

7 EPA, Reducing Pollution from Marine Engines: Information on the Marine Engine 
Rulemaking , p.3. 

8 Ibid, p. 2. 
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